Telomerase is composed of protein and RNA. The RNA serves as a template for telomere DNA synthesis and may also be important for enzyme structure or catalysis. We have used the presence of conserved sequence elements in the promoter and template regions to amplify by PCR the telomerase RNA genes from six different hypotrichous ciliates: Oxytricha nova, Oxytricha trifallax, Stylonychia mytilis, Stylonychia lemnae, Enplotes aedicalatns, and Euplotes eurystomns. RNaseH cleavage of the O. nova RNA in extracts by use of a complementary oligonucleotide leads to loss of telomerase activity, supporting the identification. Primary sequence and biochemical experiments suggest that the templates of Oxytricha and Stylonychia are circularly permuted relative to that of E. aediculatns. On the basis of the pause sites, the former two add G4T4 during a single primer elongation cycle, whereas E. aedicalatus adds G3T4G. The only primary sequence element outside the template that is conserved between these phylogenetically distant telomerase RNAs is the sequence 5'-(C)UGUCA-3', which precedes the template regions by exactly two bases. We propose a common secondary structure model that is based on nucleotide covariations, a model which resembles that proposed previously for tetrahymenine telomerase RNAs.
Telomeres, the physical ends of eukaryotic chromosomes, are essential for chromosome stability and contribute to chromosome organization within the nucleus (for review, see Zakian 1989; Blackburn 1991; Gilson et al. 1993) . They typically consist of simple repetitive sequences rich in G residues in the strand that runs 5' to 3' toward the chromosomal end (e.g., T2G 4 in Tetrahymena, T4G 4 in Oxytricha, T2AG 3 in humans). Telomeric DNA is of variable length, ranging from tens of base pairs in hypotrichous ciliates to a few hundred in yeast, to hundreds of kilobases in mammals (Klobutcher et al. 1981; Shampay et al. 1984; Moyzis et al. 1988; Kipling and Cooke 1990) .
Because most DNA polymerases require a template and an RNA primer, it is expected that telomeres would become shorter with each round of DNA replication (Watson 1972) . A mechanism for the complete replication of telomeres, involving the non-DNA-templated addition of telomeric repeats to the chromosome ends, was first identified in Tetrahymena by Greider and Blackburn (1985) . The enzyme that carries out telomere extension is called telomere terminal transferase or telomerase (for review, see Blackburn 1992 Blackburn , 1993 . It is a ribonucleoprotein with an essential RNA moiety (Greider and Blackburn 1987) . Telomerase RNA genes have been cloned from various Tetrahymena species, Glaucoma chattoni (another tetrahymenine ciliate), and Euplotes crassus (Greider and Blackburn 1989; ShippenLentz and Blackburn 1990; Romero and Blackburn 1991) ; telomerase activity in Oxytricha nova and mammalian cells also requires an RNA subunit (Zahler and Prescott 1988; Morin 1989; Prowse et al. 1993) . In Tetrahymena the telomerase RNA was shown to serve as a template for telomere DNA synthesis in vivo (Yu et al. 1990 ). Other roles for this RNA in telomerase structure or directly in catalysis remain speculative.
The biological functions of stable RNAs depend on their secondary and tertiary structure. Comparative sequence analysis has proven very powerful for the elucidation of RNA structures. In this approach homologous RNA molecules from phylogenetically diverse organisms are sequenced and aligned. Base pairs are identified by compensatory base changes that maintain complementarity (for review, see Pace et al. 1989; Woese and Pace 1993) . By use of this approach, Romero and Blackburn (1991) compared seven tetrahymenine telomerase RNA sequences and proposed a common secondary structure.
We and others are studying telomere structure and function in the hypotrichous ciliate Oxytricha nova (Gottschling and Cech 1984; Gottschling and Zakian 1986; Price and Cech 1987; Hicke et al. 1990; Gray et al. 1991; Fang et al. 1993) . The macronucleus of this organism contains -24,000 different gene-sized chromosomes each present in 1000 copies on average. The telomerase RNA from another hypotrichous ciliate, Euplotes crassus, is longer and, apart from the template region, shows no primary sequence similarity to the tetrahymenine telomerase RNAs (Shippen-Lentz and Blackburn 1990) . Thus, alignment with the tetrahymenine telomerase RNAs could not be made with confidence. This supports the large evolutionary distance between hypotrichs and Tetrahymena, which is comparable to that separating the rat from maize or Chlamydomonas (Fig. 1) .
To learn more about the structure of telomerase RNAs, we have cloned the telomerase RNA genes from Oxytricha nova, Oxytricha trifallax, Stylonychia mytilis, Stylonychia lemnae, Euplotes aediculatus, and Euplotes eurystomus and have developed a model for their secondary structure. This model is compatible with that of tetrahymenine telomerase RNAs proposed by Romero and Blackburn (1991) , indicating structural conservation over large evolutionary distances. Primary sequence and biochemical experiments furthermore indicate that the templates of Oxytricha and Stylonychia telomerases are permuted with respect to that of E. aediculatus. The former two appear to use the sequence 5'-AAAACCCC-3' as a template for 5'-TTTTGGGG-3' telomeric repeat synthesis, whereas the latter uses the sequence 5'-CAAAACCC-3'. This supports the mechanistic model of telomerase involving primer annealing, primer elongation, and translocation (Greider and Blackburn 1989) .
Results

Cloning of teIomerase RNA genes
We used a PCR strategy to clone the telomerase RNA genes from six hypotrichous ciliates. Four sequence elements were expected to be present on the macronuclear Figure 1 . Ciliate phylogeny inferred from small rRNA sequence similarities (Greenwood et al. 1991) . The evolutionary distance is based on the average number of nucleotide replacements per sequence position and is represented by the horizontal component separating species in the figure. The scale bar equals 0.05 nucleotide replacements per sequence position.
chromosomes encoding telomerase RNA: the telomeric sequences at each chromosomal end, a sequence providing the template for telomere synthesis similar to the one identified in E. crassus (Shippen-Lentz and Blackburn 1990) , and an 8-bp promoter element (Fig. 2 )present in all telomerase RNA genes sequenced so far (Romero and Blackburn 1991) . DNA oligonucleotides were designed to hybridize to these sequence elements. With these oligonucleotides as primers and nuclear DNA as template, we attempted to amplify telomerase RNA gene-specific DNA fragments (see Materials and methods for primer sequences and other details). Certain positions of the DNA oligonucleotides were made degenerate to increase the chances of annealing. Amplified DNA fragments were analyzed by gel electrophoresis and sequenced. The sequences of amplified fragments served as the basis for the design of new DNA oligonucleotides that were used in further PCR amplifications. As a representative example, the cloning strategy for the O. trifallax telomerase RNA gene is described in more detail: The gene was first amplified between promoter and telomerase template with the promoter-specific primer T8T and the template-specific primer T20. Subsequent sequence information was used for the design of T25, an oligonucleotide with sense orientation corresponding to sequences close to the template. The 3' half of the gene was then amplified with T25 and Telpr, an oligonucleotide that was designed to anneal at telomeres of macronuclear DNA. To confirm the obtained sequence information, the transcribed region of the telomerase RNA gene was amplified, subcloned and sequenced again in separate PCR amplifications with two oligonucleotides (T37 and T38) that flanked the gene.
For O. nova the 3' portion of the gene was amplified first, with an oligonucleotide (T27) that was based on the 0. trifallax telomerase RNA sequence and the telomerespecific primer Telpr. Amplification of the 5' half of the 0. nova gene from nuclear DNA was unsuccessful. Therefore, nuclear RNA was isolated and reverse transcribed in the presence of an oligonucleotide (T33) designed to hybridize to telomerase RNA (position 109 to 91). The resulting cDNA was dG-tailed at the 3'-end with terminal deoxynucleotidyl transferase, PCR-amplifled with the telomerase-specific primer (T33) and a dGtail specific primer (T15), and sequenced. In one case (E. eurystomus), an inverse PCR strategy was used to obtain the sequence information of the entire telomerase RNA (see Materials and methods).
0. nova, 0. trifallax, S. lemnae, S. mytilis, and E. aediculatus were found to have, excluding telomeric sequences, 183-, 156-, 180-, 165-, and 192 -bp untranscribed trailers, respectively. The entire 5'-untranscribed leader sequences between telomere and gene were obtained only for S. mytilis and E. eurystomus and, excluding the telomeric sequence, are 315 and 592 bp long, respectively.
Verification of the identity of cloned telomerase RNA genes
To confirm the identity of the cloned O. nova telom- erase RNA gene, we utilized a method whereby telomerase present in nuclear extracts is inactivated by targeted cleavage of its RNA moiety. RNaseH is a nuclease that cleaves only the RNA strand in a DNA:RNA heteroduplex. By use of specific DNA oligonucleotides and RNaseH it is possible to target an RNA present in an RNP very specifically, as long as the RNA is available for hybridization (Kr~imer et al. 1984; Greider and Blackbum 1989) . We therefore assayed for inactivation of Oxytricha telomerase by DNA oligonucleotides {comple-mentary to different portions of the sequence determined for telomerase RNA; Fig. 3A ) in the presence of RNaseH. Following RNaseH treatment, telomerase activity was tested in two different assays {Fig. 3B, C), and telomerase RNA was analyzed by Northem blots (Fig. 3D ) and reverse transcription (data not shown). In Figure 3B , samples of nuclear extract (0.5 ~1 and 1.5 txl in each pair of lanes) were analyzed for their ability to extend nanomolar amounts of 5'-end labeled (T4G4)2 in the presence of dGTP and dTTP. Preincubation of extract at 30~ with a nonspecific oligonucleotide led to a considerable decrease in activity (cf. untreated extract in lanes 2 and 3 with preincubated extract in lanes 4 and 5). Incubation of extract with oligonucleotides R1 and R4, both of which are complementary to the telomerase RNA, did not result in any specific further decrease of activity. However, preincubation of extract with R2 and R3 caused a further reduction and complete inhibition of activity, respectively. R2 is complementary to the region 3' of the template and R3 is complementary to the template region itself.
Telomerase activity was also tested in the presence of unlabeled (T4G4)2, dGTP and [ot-32P]-labeled dTTP {Fig. 3C). In this assay any extended oligonucleotide becomes visible as a result of the incorporation of radiolabeled dTMP. Again, preincubation of extract with R2 and R3 led to a partial and complete inhibition of activity, respectively. No additional bands with another pausing pattern were identified, which would have indicated the extension of the complementary oligonucleotides used in the RNase H treatment.
To test further whether inhibition of activity could be correlated with cleavage of the sequence we had identified as telomerase RNA, RNaseH-treated extracts were analyzed in Northern blots (Fig. 3D) . A telomerase gene probe that covers the entire transcript hybridized to a single band 190 nucleotides in length in a Northern blot of nuclear RNA {lane 2). Telomerase RNA in extracts remained intact when preincubated with the nonspecific oligonucleotide Rco and with the telomerase-specific oligonucleotides R1 and R4 (lanes 3, 5, 11). However, denatured nuclear RNA was RNaseH-cleavable with R1 and R4 (lanes 4,10). This suggests that the regions corresponding to R1 and R4 are inaccessible for hybridization in the native RNP. With oligonucleotide R3, telomerase RNA was cleaved to completion, consistent with the observed complete inactivation of the enzyme. Preincubation of extract with R2 and RNaseH resulted in partial cleavage of telomerase RNA, which is consistent with the partial inactivation of the enzyme. Analysis of nuclear RNA by reverse transcription sequencing in an independent experiment confirmed that telomerase RNA becomes cleaved at positions that correspond to the oligonucleotide annealing sites (data not shown). We therefore conclude that the isolated gene corresponds to the telomerase RNA moiety of O. nova.
Promoter elements and determination of telomerase RNA termini
The 5'-end of the O. nova telomerase RNA was cloned by use of reverse transcription PCR as described in the first section of Results. Several independently generated clones were sequenced and most of these (12 out of 16) indicated that the mature RNA starts with the adenosine residue indicated in Figure 2 . This might be a general feature of telomerase RNA transcripts because the 5'-ends of Tetrahymena (Romero and Blackbum 1991) and Euplotes crassus (mentioned in Romero and Blackbum 1991) telomerase RNAs were also mapped to adenosine residues. Inspection of the upstream region ( Fig. 2 ) furthermore shows that this adenosine residue is always preceded by a thymidine. Telomerase RNAs are thought to be pol III transcripts and additional common sequence elements in the 5'-untranscribed leader can be identified {Romero and Blackburn 1991; Fig. 2 ). The conserved region around position -50 {Upstream Sequence Element or USEJ is also present in the upstream region of the Tetrahymena U6 gene (Ornm et al. 1992) . A TATA-like element of loose consensus is found around position -25.
The 3'-end of the O. nova telomerase RNA was also mapped. Total nuclear RNA was polyadenylated in vitro with yeast poly(A) polymerase isolated from recombinant Escherichia coli and reverse transcribed with an oligo (dT) primer. Telomerase RNA specific cDNA was then specifically amplified by PCR with a telomerase RNA-specific primer and the oligo (dT) primer. Amplified products were again subcloned and subjected to sequence analysis. The 3'-ends all consisted of either three or four T residues (three and two independent clones, respectively). This seems to be a general feature of telomerase RNA, because the Euplotes crassus and Tetrahymena telomerase RNAs were also found to end with a stretch of U residues. The telomerase RNA from O. nova therefore has a length of 189-190 nucleotides. On the basis of sequence alignment, the other hypotrich telomerase RNAs appear to have similar lengths of between 185-186 (O. trifallax) and 193-194 (E. crassus) nucleotides. Thus, the telomerase RNAs from the hypotrichous ciliates are considerably longer than those of Tetrahymena, which have lengths of around 160 nucleotides.
Comparison of telomerase RNA primary sequences
The six new telomerase RNA sequences were aligned with each other and with the E. crassus telomerase RNA sequence identified previously (8hippen- Lentz and Blackburn 1990 ). This comparison revealed that the primary sequences have diverged considerably, up to 50% (Table 1) . The large distance between the Stylonychia and Oxytricha sequences compared to the E. crassus sequence is striking. Also, this salt-water species of Euplotes appears to be very distant from the two freshwater species, E. aediculatus and E. eurystomus.
The primary sequence alignment identified a few common sequence elements. Apart from the proposed template sequence, the most remarkable homology we observe is the sequence 5'-UGUCA-3'. This sequence is preceded by a C residue in all sequenced telomerase RNAs but that of T. pyriformis; it is found precisely two bases upstream from the 5' boundary of the proposed template. This is the only sequence element common to all sequenced telomerase RNAs, including those of the Tetrahymena species. Some other sequence elements common to all hypotrichous ciliate telomerase RNAs are discussed below.
A common secondary structure model
To identify a common secondary structure, possible duplex regions were first identified in individual telomerase RNAs by use of the computer algorithm from Zuker (1989) with the thermodynamic parameters of Jaeger et al. (1989) . Only duplexes that could also be readily identified in the homologous regions of the other telomerase RNA sequences were considered further. Compensatory base-pair changes that maintain pairing potential were taken as indicative of a true duplex. This initial analysis was used to refine the primary sequence alignment because bases that align in the secondary structure should also align in the primary sequence. An iterative procedure was then carried out, in which the refined primary sequence alignment was searched for common secondary structure. Figure 4 shows the proposed foldings of telomerase RNAs from the hypotrichous ciliates. Although derived independently, they closely resemble the structure proposed for the Tetrahymena RNA by Romero and Blackburn (1991) and modified by ten Dam et al. (1991) , who identified the pseudoknot involving stem-loop III. Figure 5 shows the individual stems with compensatory base-pair changes highlighted by asterisks. Duplex regions whose existence is supported by the presence of more than one compensatory base-pair change are shaded.
Stem I is of variable length and is supported by the presence of compensatory base-pair changes at four positions. The G-A A.G tandem mismatch present in stem I of E. aediculatus and E. eurystomus is an often encountered apposition (Gautheret et al. 1994) and is likely to be thermodynamically neutral. The free energy increment measured for a G.A A.G tandem mismatch is -0.4 kcal/ mole with C-G as closing base pairs, and +0.5 kcal/ mole with A-U as closing base pairs in model RNA duplexes (SantaLucia et al. 1991; A. Waiter and D. Turner, pers. comm.) . The two base pairs at the base of the stem Sogin et al. (1986) . H = matches/(matches + mismatches + gaps/2). Matches, mismatches, and gaps are based on the primary sequence alignment of all telomerase RNA sequences. The lower left half gives the absolute number of nucleotides that match in the alignment over the absolute number of mismatches.
Nucleotides that are aligned with gaps are not considered in the lower half. Cold Figure 5 . Representation of individual stems of telomerase RNAs. Base pairs that are supported by compensatory base-pair changes are indicated by asterisks (outlined asterisks for tetrahymenine telomerase RNAs). Duplex regions that are proven by the criterion of two independent compensatory changes are shaded. Bold residues are as in Fig. 4 . The left half of the internal loop below the top of stem IV has some pairing potential. The bold A-and U-residues could form a duplex with a U-A or a compensatory C-G {E. crassus} base pair at the top of the stem, thus leading to the formation of a hairpin loop containing two to five nucleotides.
are invariant and therefore are not supported by comparative analysis.
The position of stem II is clearly identified in the primary sequences of all telomerase RNAs, because of its location relative to the invariant sequence element 5'-(C)UGUCA-3'. Stem II is supported for Tetrahymena by compensatory base-pair changes at two positions. A potential stem-loop structure can also be identified at this position in Oxytricha and Stylonychia. However, the three Euplotes species appear to be missing a thermodynamically stable stem II. We consider unlikely the possibility that the structure in this region is not conserved for all telomerase RNAs, because this region includes the invariant 5'-(C)UGUCA-3' sequence. Therefore, we did not include stem II in our model. which could be clearly distinguished on the original autoradiograph, are indicated in the margins. Each sequence of added nucleotides indicated in the margin is inferred from the sequence of the corresponding primer and the sequence of the telomerase template region, and is supported by the fact that the dark bands (presumed pause sites) occur at constant positions within the repeated sequence. Further evidence for the sequence of the elongation products of (G4T4) 2 in the case of O.
nova is provided by dideoxy-GTP incorporation experiments reported by Zahler and Prescott (1988) . Pause sites in the first few repeats are emphasized by the arrowheads.
pletely conserved 5-bp duplex. Without compensatory mutations there is no phylogenetic evidence for its existence. However, it might be conserved because it is involved in a higher order structure, such as a triple helix or protein complex. The middle part of stem IV (shaded in Fig. 5 ) is manifest by compensatory base-pair changes at seven positions. The U.U U.U tandem mismatch present in E. aediculatus and E. eurystomus is reasonably stable in a duplex (M. Wu and D. Turner, pers.
comm.). The G.A A.A tandem m i s m a t c h in Stylonychia
is an often encountered apposition, suggesting that this sequence arrangement is nondisruptive (Gautheret et al. 1994) . The top part of stem IV is again remarkably conserved, and thus not supported by comparative analysis.
Permutations in the template
The alignment of the telomerase RNA primary sequences reveals the presence of the sequence element 5'-(C)UGUCA-3' near the putative template. This sequence lies exactly two bases upstream of the 5'-end of the template of T. thermophila (Greider and Blackburn 1989; Autexier and Greider 1994 ) and E. crassus {Ship-pen-Lentz and Blackburn 1990). The sequence alignment (Fig. 6A) suggests that Oxytricha and Stylonychia use the sequence 5'-AAAACCCC-3' as a template for the synthesis of 5'-TTTTGGGG-3' telomeric repeats, whereas Euplotes uses the sequence 5'-CAAAACCC-3'. This contention is supported by the presence of a G residue just upstream of the proposed boundary of the template in Stylonychia. This G would specify the addition of a C residue, which is not found in Stylonychia telomeres.
Circular permutation of the template is supported further by biochemical experiments. Primers that are elongated by telomerase show a very distinctive banding pattern when analyzed on sequencing gels. This banding pattern reflects the length of a telomeric repeat. It has been shown for Tetrahymena telomerase that the bands are most pronounced at positions within the repeat that correspond to the extreme 5'-end of the template region (Autexier and Greider 1994) . At this position the enzyme translocates to initiate another round of telomeric repeat synthesis (Greider and Blackburn 1989; Greider 1991; Autexier and Greider 1994) . In Oxytricha, pausing is most pronounced after the addition of the fourth T in 5'-TTTTGGGG-3' telomeric repeats (Zahler and Prescott 1988) . To compare the pausing patterns generated by different telomerases, we made nuclear extracts from O. nova, S. lemnae and E. aediculatus. Labeled oligonucleotides (T4G4) 2 and (G4T4) 2 w e r e extended in telomerase assays and analyzed on a sequencing gel (Fig. 6B) 
. With both primers it is clear that Oxytricha and Stylonychia
Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from telomerases give prominent elongation products that correspond to addition of the fourth T in 5'-TTT-TGGGG-3' telomeric repeats, whereas E. aediculatus telomerase gives an accentuated product after adding the first G in 5'-TTTTGGGG-3' repeats. Therefore, Oxytricha telomerase is inferred to add 5'-GGGGTTTT-3' during each elongation cycle and that of E. aediculatus to add 5'-GGGTTTTG-3', as expected from the proposed 5' boundaries of the templates.
Evidence for 8-to 9-nucleotide-long templates
The regular banding pattern observed in the population of products has a periodicity of one telomeric repeat. This is consistent with the current model for the mechanism of telomerase (Greider and Blackburn 1987) in which one telomeric repeat is added during each elongation cycle. Therefore the region normally used as a template for telomere synthesis in telomerase RNA has a length of one telomeric repeat as well (see previous section). The adjacent region is thought to position and align the primer. However, it was proposed for the E. crassus telomerase that under certain circumstances, the region of telomerase RNA used as template can be as long as 12 nucleotides (Shippen-Lentz and Blackburn 1990). This proposal stemmed from experiments in which oligonucleotides, which were complementary to the telomerase RNA and extended different numbers of nucleotides into the putative template region, were tested for their ability to serve as primers for telomerase. Because an oligonucleotide complementary to telomerase RNA that ended 13 nucleotides downstream of the 5' boundary of the template could prime telomere synthesis, it was concluded that the 12 nucleotides in between can serve as a template (Shippen-Lentz and Blackburn 1990) .
To compare the templates of O. nova and E. aediculatus, we set up similar experiments. Oligonucleotides complementary to different portions of telomerase RNA were tested for their ability to serve as primers in telomerase assays, and products were analyzed on sequencing gels (Fig. 7) . In addition, we sought to distinguish between primers that were substrates because of complementarity to telomerase RNA and primers that were substrates because of their similarity to the 3' ends of telomeres. The more a complementary primer is extended into the putative template region, the more its 3' end resembles a telomeric sequence. Therefore, several control oligonucleotides with a constant 3' end and nonspecific sequence at the 5' end were tested as well. The pattern of dark bands was taken to indicate the positioning of the primer with respect to telomerase RNA. We assumed that, as for Tetrahymena telomerase, the darkest bands of elongated products correspond to pausing of extension when the extreme 5' end of the template is reached. The position of pausing is more difficult to evaluate for shorter than for longer products. This might be due to a more distributive mode of primer elongation by telomerase with short substrates (Collins and Greider 1993; Lee et al. 1993) . However, the clear pausing site seen with longer products allows one to count nucleotides and thereby infer the precise extent of elongation even for the first elongation cycle.
For O. nova, all primers that were substrates showed an elongation pattern expected if their 3' ends annealed between positions 43 and 45 (Fig. 7A) . Oligonucleotides O1 and 02 were poor primers, with a pausing pattern that could not be explained by their 3' ends annealing at position 50 and 49, respectively, but could be explained by annealing to position 44 and 43, respectively. [Oligonucleotides complementary to telomerase over their entire length were actually less efficient substrates than control oligonucleotides with the same 3' end but a nonspecific 5' end (cf. lanes 12 and 14; 16 and 18). Because the possibility of endogenous RNaseH activity in the extracts has not been evaluated, we base our conclusions primarily on the pattern of telomerase extension, not its efficiency.] For E. aediculatus (Fig. 7B ), all substrates gave the elongation pattern expected if they annealed with their 3' ends between positions 43 and 45. With oligonucleotides E4 (lane 10), E4co (lane 12), and (G4T4) 2 (lane 2) the first pause was seen after 9 nucleotides. This suggests that the template can be as long as 9 nucleotides. Oligonucleotide E7 has a C residue at its 3' end and was an efficient substrate. We do not know whether the terminal C residue was removed by a nuclease prior to extension by telomerase. Many nucleases are present in the extract, and, for Tetrahymena, a nuclease activity has been found associated with telomerase (Collins and Greider 1993) . As with O. nova, complementarity to telomerase RNA in the non-telomere-like 5' half of a primer did not contribute to priming efficiency (cf. lanes 10 and 12; 14 and 16; 18 and 20) .
The experiments were also repeated with micromolar amounts of primer and extension was monitored by including [oL-3ZP]dTTP (data not shown). For O. nova, all tested primers became substrates under these conditions. Once again, on the basis of the pausing pattern, none of the substrates primed outside of the 8-base template region described above. For E. aediculatus E1 and E2 were not substrates even at high concentrations and E3 became a weak substrate. Also for E. aediculatus, all substrates showed an elongation pattern expected for annealing within the 9-base template, as above.
We conclude that the O. nova telomerase RNA template is at least 8 bases long, but unlikely to be much longer, because none of the tested substrates gave an elongation pattern that would have indicated its annealing with its 3' end outside this region. The 5' boundary is at position 37, and the 3' boundary is at or close to position 44. The E. aediculatus template region can be 9 bases long and is as well unlikely to be much longer. The 5' boundary is at position 36 and the 3' boundary is at or close to position 44.
Discussion
Telomerase is essential for chromosome maintenance. Furthermore, as a ribonucleoprotein enzyme it is particularly intriguing from a mechanistic standpoint. The current work almost doubles the number of telomerase RNA sequences available. Despite the low extent of sequence identity between the telomerase RNAs of the hypotrichous and holotrichous ciliates, they are shown to share a common secondary structure. Thus, the structure model originally proposed by Romero and Blackburn (1991) has had its applicability extended, and at the same time has had many of its details confirmed or revised. In concomitant studies of telomerase activity, evidence is provided that the same telomeric repeat (T4G4) can be synthesized from two different RNA template sequences (A4C 4 and CA4C3} , one circularly permuted with respect to the other.
GENES & DEVELOPMENT
Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from
Secondary structure and implications for function
The sequence of one hypotrichous ciliate telomerase RNA (E. crassus} has been known for some time, but there was insufficient basis for aligning the sequence or proposing a secondary structure {Shippen-Lentz and Blackburn 1990}. The phylogenetic comparison of telomerase RNAs from several hypotrichous ciliates now provides a common secondary structure model for this class. The tetrahymenine telomerase RNAs are shorter in length and are so diverged from those of the hypotrichs that the primary sequences cannot be aligned with confidence. It is therefore very encouraging that the bulk Cold Spring Harbor Laboratory Press on November 6, 2017 -Published by genesdev.cshlp.org Downloaded from of the secondary structure is preserved. Most of the double helical segments are extended in the hypotrichous telomerase RNAs; however, their positions are preserved. The large evolutionary distance between the two classes is inferred further by the sequences of the small subunit ribosomal RNA genes ( Fig. 1 ; Schlegel et al. 1991; Greenwood et al. 1991 ). This distance is of a magnitude similar to that separating animals and plants. Therefore the proposed structures might be common to all telomerase RNAs.
The secondary structure presented in Figure 4 is a minimal one. Many of the unpaired regions in the figure are likely to be engaged in some sort of pairing; further analysis is required to decipher these interactions. For example, the RNaseH cleavage experiments suggest that the region 5' to the template region is not accessible for hybridization in the native RNP. In contrast, the template region and the adjacent region downstream are accessible to hybridization, suggesting that these regions are indeed unstructured. This is also supported by chemical modification analysis of telomerase RNA in vivo (A. Zaug and T. Cech, unpubl.) .
The model of the secondary structure is a static one. However, during telomere synthesis the primer and ternplate must be repositioned with respect to each other (Fig. 8) . One would expect that repositioning of telomeric primer and template must be accompanied by a conformational change of the enzyme and probably of the RNA. Romero and Blackburn (1991) speculated that a short conserved sequence of stem IV might alternately be engaged in base pairing with the flanking regions of stem II, and that this might cause a conformational change. These sequences, however, are not conserved in hypotrich telomerase RNAs, and base-pairing potential is not preserved.
A structure that is present in all telomerase RNAs and that might alternate between two conformations is the pseudoknot present downstream of the template. Pseudoknots are often thermodynamically metastable, existing in an equilibrium between the pseudoknot and a single stem-loop (Wyatt et al. 1990; Mans et al. 1992) . When the pseudoknot form is present, the region downstream of the template might be held in a position that facilitates binding of primer and initiation of its elongation. The addition of a telomeric repeat to the primer might lead to destabilization of the pseudoknot, perhaps because of strain caused by formation of the duplex. This in turn might facilitate the repositioning of the template Primer is bound by telomerase and aligned next tothe template region, presumably assisted by complementary base pairing with the adjacent telomerase RNA sequence. Then the primer becomes elongated by the addition of one telomeric repeat. We speculate that the 5'-UGUCA-3' element might be engaged in an RNA or protein-RNA structure to provide a molecular cushion, preventing polymerization beyond the 5' boundary of the template. Alternatively or in addition, this sequence might organize protein components of the active site relative to the template. After primer elongation, the primer is either released or becomes repositioned for the addition of another telomeric repeat. Euplotes adds 5'-GGGTTTTG-3' in each elongation cycle whereas Oxytricha and Stylonychia add 5'-GGGGTTTT-3'. and the primer. This model, however, remains without any experimental support.
address questions of telomerase RNA structure and function more thoroughly in a purified system. (Fig. 6A) . Second, Stylonychia contains a G residue just upstream of the template, which would direct the misincorporation of C residues into telomeres. Third, on the basis of the pausing pattern of telomere DNA synthesis, the position at which translocation occurs in E. aediculatus is inferred to be shifted from the last T in 5'-TTTTGGGG-3' to the first G in the 5'-TTT-TGGGG-3' telomeric repeats (Fig. 6B) (Greider and Blackburn 1989; Autexier and Greider 1994}. An important caveat to all these experiments is that they were performed in crude nuclear extracts in which nucleases are present, as well as many other proteins that might influence the reaction. We therefore hope to
The template region
Materials and methods
Growth of ciliates
O. nova, S. lemnae, and E. aediculatus were grown as described previously (Swanton et al. 1980 ) under nonsterile conditions with Chlorogonium as the food source.
Preparation of DNA from ciliates
DNA samples from O. trifallax, S. mytilis, and E. eurystomus were obtained from D. Prescott. DNA was prepared from the other ciliates by harvesting cells as described below. DNA preparation followed Klobutcher et al. (1981) except DNA was purified by use of Qiagen-columns (Qiagen Inc.) instead of CsC1 gradients.
Polymerase chain reaction
PCR was done in 50-~1 reactions containing 1 ~g of chromosomal DNA, 2 ~M primers, 0.2 mM dNTPs, 1 x PCR buffer (Boehringer-Mannheim) and 2.5 units of Taq polymerase (Boehringer-Mannheim). DNA was first denatured for 4 min at 94~ and then amplified in 30 cycles, each involving denaturation for 1 min at 94~ annealing for 1 min at 48-65~ and polymerization for 2 min at 72~ Reactions were finished with a final polymerization step for 10 min at 72~ Products were analyzed and prepared on 4.5% NuSieve agarose gels {FMC BioProducts) and purified for subcloning as recommended by the supplier. Amplified products of low abundance were cut out from gels, melted, diluted at least 100-fold and reamplified with 10-15 cycles.
Cloning of telomerase RNA genes 0. nova The 3' region of the telomerase RNA gene was PCR amplified with a specific primer (T27) and a primer that can anneal at the telomeres of all macronuclear chromosomes (Telpr) . To obtain the 5' portion, nuclear RNA was reverse transcribed with the telomerase RNA specific primer T33, as follows. Nuclear RNA (9 ~g) was denatured for 5 min at 95~ in a volume of 20 ~1, containing 4 pmoles of T33, 60 mM Tris-C1 pH 8.3, 72 mM NaC1 and 12 mM DTT. After annealing for 5 min at room temperature, 36 ~1 of 50 mM Tris-C1 pH 8.3, 10 mM Mgacetate, 10 mM DTT and 12 units of AMV reverse transcriptase (Life Science Inc.) were added and incubated for 30 min at 50~ The enzyme was heat inactivated for 5 rain at 95~ and RNA was digested with 40 ng/~1 RNase A. cDNA was purified by one phenol and one chloroform extraction and ethanol precipitated. It was dissolved in 2 ml of H20, and unincorporated dNTPs were removed by concentrating the sample two consecutive times on a Centricon 30 column as recommended by the supplier (Amicon Division, W.R. Grace & Co.). One fourth of the eDNA was dG-tailed with terminal nucleotidyl transferase in 20 ~1 containing 100 mM Na cacodylate pH 7.2, 0.2 mM mercaptoethanol, 2 mM CoC12, 0.1 mM DTT, 0.1 mM dGTP, 0.55 units of terminal nucleotidyl transferase (Du Pont) and incubated for 45 min at 37~ One fourth of the tailed cDNA was then PCR amplified with the telomerase-specific primer T33 and the dG-tail-specific primer T15.
O. trifallax
The 5' portion of the gene was PCR amplified with the template-specific primer T20 and the USE-specific primer T8T. The 3' region of the gene was amplified with the telomerase RNA-specific primer T25 and the telomere-specific primer Telpr. Finally, the entire transcribed region was amplified by PCR with 2 primers flanking the gene (T37 and T38).
S. lemnae
The 5' portion of the gene was amplified with the telomerase RNA gene-specific primer T31 and the USE-specific primer T34T. The 3' region of the gene to the telomere was amplified with the telomerase RNA gene-specific primer T24 and the telomere-specific primer Telpr. Finally, the entire transcribed region was amplified by PCR with 2 primers flanking the gene (T39 and T40).
S. mytilis
The 5' region of the gene was amplified with the telomerase RNA gene-specific primer T26 and the telomerespecific primer Telpr. The 3' region of the gene was amplified with the telomerase RNA gene-specific primer T24 and the telomere-specific primer Telpr. Finally, the entire transcribed region was amplified by PCR with 2 primers flanking the gene (T41 and T42).
E. aediculatus
The 5' portion of the gene was amplified with the telomerase RNA gene-specific primer T7 and the USE-specific primer T34T. The 3' region of the gene was amplified with the telomerase RNA-specific primer T12 and the telomere-specific primer Telpr. Finally, the entire transcribed region was amplified by PCR with the USE-specific primer T34T and a primer annealing downstream of the gene (T32}.
E. eurystomus
The 5' portion of the gene was PCR amplified with the template-specific primer T20 and the USE-specific primer T8T. The 3' portion of the gene was amplified with the template-specific primer T5 and T7, a primer that is specific for the 3' end (T7 was based on the E. crassus telomerase RNA gene sequence). To obtain sequence information of the entire macronuclear chromosome, an inverse PCR strategy was employed. Chromosomal DNA was made blunt with T4 DNA polymerase (U.S. Biochemical) as described (Sambrook et al. 1989 ). Bluntended DNA {2 ~g/ml) was ligated with 100 U/ml of T4 DNA ligase (Stratagene) overnight at 16~ and ethanol precipitated. Ligated DNA (0.1 ~g) was amplified by PCR in 40 cycles with the telomerase RNA gene-specific primers T13 and T14. Sequence analysis revealed that the obtained fragment had acquired a deletion in the 3'-untranscribed trailer. Finally, the entire transcribed region was amplified by PCR with 2 primers flanking the gene {T35 and T36}.
DNA sequencing
DNA fragments were subcloned into pBluescript SK + (Stratagene} and sequenced by the chain-termination method {Sanger et al. 1977} with a sequencing kit (U.S. Biochemical). The transcribed region of all telomerase RNA genes was verified by sequencing DNA fragments that were obtained from several independent PCR amplifications. The confirmed sequence data have been submitted to GenBank. Accession numbers are U10565 (E. aediculatus), U10566 (E. eurystomus), U10567 (O. nova), U10568 (O. trifallax), U10569 (S. lemnae), U10570 (S. mytilisl.
3' End mapping of the O. nova telomerase RNA gene
Nuclear RNA (3 ~g) was poly(A) tailed with yeast poly(A) polymerase as described (Lingner and Keller 1993) . Poly(A)-tailed nuclear RNA was reverse transcribed with the poly(A) tail-specific primer T17 under conditions described in the previous section. One-fourth of the eDNA was then amplified by PCR with T17 and the telomerase RNA gene-specific primer T27. Amplified products were subcloned and subjected to sequence analysis.
DNA oligonucleotides
DNA oligonucleotides used in telomerase assays were gel-purified on denaturing polyacrylamide gels. Oligonucleotides were 5'-end labeled in 10-~1 reactions containing 20 pmoles of oligonucleotide, 10 units of T4 polynucleotide kinase {New England Biolabs), 1 ~1 of 10x buffer (New England Biolabs), 1 ~1 [~/-32p]ATP (150 mCi/ml, 6000 Ci/mmole, Du Pont) for 30 rain at 37~ Oligonucleotides were separated from unincorporated label over Sephadex-G25 chromatography. Sequences of DNA oligonucleotides are (the restriction sites used for subcloning are italicized): Rco, 5'-CGGGATCCTCGGCGGAAATCA/
